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MATERIALS DIVISION 

RESEARCH AND TECHNOLOGY ACCOMPLISHMENTS FOR FY 88 

AND PLANS FOR FY 89 

SUMMARY 

The research program of the Materials Division is presented as FY 88 
accomplishments and FY 89 plans. The accomplishments for each Branch are 
highlighted and plans are outlined. Publications of the Division are included by 
Branch. This material will be useful in program coordination with other government 
organizations, universities, and industry in areas of mutual interest. 

ORGANIZATION 

The Langley Research Center is organized by directorates as shown in figure 1. 
Each directorate is organized into divisions and offices. The Materials Division of the 
Structures Directorate consists of four branches as shown in figure 2. This figure also 
shows the technical areas addressed by each Branch. The Division consists of 69 
NASA civil servants and 6 members of the Army Aerostructures Directorate, 
USAARTA, Army Aviation Systems Command located at the Langley Research 
Center. In addition, about 40 non-personal support contractors work at the Center to 
add major support to the in-house research program. 

FUNCTIONAL STATEMENT 

The Materials Division initiates, organizes, and conducts experimental and 
analytical research on structural materials and their application to aircraft and 
spacecraft structural systems (figure 3). More specifically the Division: 

- Conducts fundamental and applied research studies to develop novel 
polymeric, metallic, and ceramic materials for advanced structural applications. 

- Establishes materials processing and fabrication technology for structural 
components. 

- Demonstrates the application and benefits of advanced materials to specific 
flight vehicle structures. 

- Defines, evaluates, and conducts research on thermal protection materials 
requirements for high-speed aircraft and space transportation systems. 

- Studies the fatigue and fracture behavior of materials to establish practical 
methods for insuring the structural integrity of aircraft and space structures. 

- Characterizes the behavior of structural materials in extreme service 
environments using test facilities and laboratories for simulation of the flight 
environment. 

- Originates and develops requirements for new facilities and research 
techniques. 

- Operates the mechanics of materials, structural materials, polymer, 
metallurgical, and environmental effects laboratories. 
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The long range research thrusts of the Materials Division are shown in figure 4. 

FACILITIES 

The Materials Division has five major facilities to support its research program. 

The Structures and Materials Laboratory houses various environmental effects labs 
and the metallurgical and metals processing labs. In the environmental effects labs, 
research is conducted to characterize and enhance the performance of structural 
materials operating in extreme service environments. Test techniques, 
instrumentation, and measurement techniques are developed to simulate 
environmental conditions required to evaluate high-temperature structural materials. 
The interaction of the space environment on properties of advanced composites, 
polymer films, and coatings for space systems is studied. Radiation and monoatomic 
oxygen damage in polymeric materials is studied and chemical formulations for 
enhanced long-term durability in space are identified. 

Fundamental and applied research on advanced metallic and metal-matrix 
materials is conducted in the metallurgical and metals processing labs. Innovative 
processing methods for new alloy synthesis and development and fabrication of 
metallic structural components for future aircraft and space vehicles, including high- 
temperature applications, are explored. Metallic components are analyzed and tested 
to demonstrate improvements in advanced metallic alloys and their fabrication 
processes. 

The Mechanics of Materials Laboratory is used to conduct research on the 
structural integrity of metals and composites for aircraft structures. Tests are 
conducted to measure the effect of loads on materials under simulated flight 
conditions. Materials and methods of strength and life prediction for airframes are 
assessed to develop ways to improve the structural reliability of aircraft. 

Fundamental and applied research using advanced polymer synthesis, composites 
and adhesives processing science, and advanced characterization methodology to 
develop improved materials concepts for efficient aerospace structures are conducted 
in the Composites Processing Laboratory. Novel polymeric materials are synthesized 
for applications such as matrices for fiber-reinforced composites, adhesives for 
bonding lightweight composite and metal structures, and high-performance films for 
spacecraft. Innovative processing methods for fabricating composite components for 
aircraft and spacecraft structures are developed. 

Radiation testing of spacecraft materials is conducted in the Space Environmental 
Effects Laboratory. Spacecraft materials tested include polymeric and metal matrix 
composites, polymeric films, thermal control coatings, adhesives, solar cells, and laser 
mirrors. 
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In addition, the Carbon-Carbon Research Laboratory was completed in July 1988. 
The Materials Division has expanded its research capability in carbon-carbon 
materials and this lab houses the processing equipment needed for fabricating carbon- 
carbon materials and for applying oxidation-protective coatings. 

FY 88 ACCOMPLISHMENTS 

Polymeric Materials Branch 

The Polymeric Materials Branch (figure 5) conducts fundamental and applied 
research studies combining the disciplines of advanced polymer synthesis, 
composites and adhesives processing science, and advanced characterization 
methodology to develop improved materials concepts for efficient aerospace 
structures. These research and development activities are aimed at achieving 
maximum structural exploitation of advanced composites and adhesives through 
development of balanced mechanical/physical properties with good processability. 
The five year plan for this research is shown in figure 6. 

The FY 88 accomplishments of the Polymeric Materials Branch are listed below 
and are highlighted in figures 7 through 12. 

Composite Matrices 

- LaRC-RP40: A New Tough High Temperature Matrix Resin 

- New Toughened Thermosetting Structural Resins 

- Semi-Crystalline Polyimide Sulfone 

- LaRC-RP41 : A New Tough High Temperature Matrix Resin 

- Concept and Demonstration of a New Synthetic Route to a Family of Non- 

Classical Addition-Type Thermoplastic (ATT) Polyimides 

Composite Processing and Adhesive Bonding 

- In-Situ Optic Sensor for FTIR Monitoring of Composite Cure Cycles 

Mechanics of Materials Branch 

The Mechanics of Materials Branch (figure 13) performs research on the integrity 
of materials for load-bearing structures of metals and composites. This research 
includes fatigue, fracture mechanics, and structural reliability. Equations and 
analytical methods are formulated to predict fatigue life and residual strength of 
damaged and undamaged materials. Design, construction, operation, and inspection 
methods applied to airframes are assessed to develop ways to improve the overall 
structural reliability of aircraft and spacecraft. The five year plan of the Branch is 
shown in figure 14. 

The FY 88 accomplishments of the Mechanics of Materials Branch are listed below 
and are highlighted in figures 15 through 22. 
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Metals and Metal Matrix Composites 

- Static Strength of SCS6/Ti- 15-3 

- Significance of the Small-Crack Effect for Fatigue Design 

Composites 

- Effects of Moisture, Temperature, and Fatigue on the Strength of Center- 

Cracked Graphite/Epoxy Panels With Buffer Strips 

- Effect of Delamination Rate on Interlaminar Fracture Toughness 

- Impact Damage in a Thick Gr/Ep Laminate Caused by Spherical Impacters 

- Development of a Damage-Threshold/Fail-Safety Analysis for Composite 

Materials and Structures 

- Mode I Delamination Fatigue Threshold for Graphite/PEEK 

- Failure Modes for Laminates Under Bearing-Bypass Loading 

Applied Materials Branch 

The Applied Materials Branch (figure 23) conducts research to characterize and 
enhance the performance of structural materials operating in extreme service 
environments. The Branch identifies mechanisms of environmental degradation and 
failure in structural materials, provides quantitative understanding of degradation 
mechanisms and evolves models to predict the rate or extent of degradation for 
various advanced structural materials. Theoretical and experimental studies which 
relate to the environmental performance of high-temperature materials for thermaf 
protection systems and hot structures of advanced space transportation systems and 
hypersonic vehicles are conducted. The interaction of the space environment on 
properties of advanced composites, polymer films, and coatings of interest for space 
systems is studied. The five year research plan for the Branch is shown in figure 24. 

The FY 88 accomplishments of the Applied Materials Branch are listed below and 
are highlighted in figures 25 through 30. 

Space Materials 

- Analysis of Advanced Composite Materials for Precision Segmented Reflectors 

- Thermal Cycling Induced Damage in Composite Tubes 

Carbon-Carbon Composites 

- Oxidation-Resistant Carbon-Carbon Composites Evaluation in Simulated 

Advanced Aerospace Vehicle Environments 

Composite Materials for Rotorcraft and Aircraft Structures 

- Damage-Tolerant Composite Material Concepts 

- Composite Material In-Situ Viscosity Monitor 

- 15- Year Flight Service Summary of B-737 Graphite/Epoxy Spoilers 
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Metallic Materials Branch 


The Metallic Materials Branch (figure 31) conducts fundamental and applied 
research studies on advanced metallic and metal-matrix materials. The Branch 
performs research on advanced high-strength structural alloys and composites to 
achieve improved mechanical properties through understanding and control of 
microstructural features. A basic understanding of joining and forming processes for 
fabricating structural components from advanced metallic materials is developed and 
innovative processing methods for new alloy synthesis and development and 
fabrication of metallic structural components for future aircraft and space vehicles are 
explored. The five year research plan for the Branch is shown in figure 32. 

The FY 88 accomplishments for the Metallic Materials Branch are listed below 
and are highlighted in figures 33 through 37. 

Advanced Light Alloy and MMC Development 

- Reinforced, Weldable Aluminum-Lithium Alloys Demonstrated 

- Stress Corrosion Resistance of PM 7091 Determined With the Breaking Load 

Test Method 

Innovative Metals Processing 

- . Characterization of Superplastically Formed Aluminum for Structural 
Applications 

- LaRC Facility Produces Aluminum Alloy Sheet From Powder 

High Temperature Thin Gage Metals and MMC for Airframes 

- Characterization of Structural Metallics With High Strength and Toughness for 

Cryogenic Applications 
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PUBLICATIONS AND PRESENTATIONS 


The FY 88 accomplishments of the Materials Division are highlighted by a number 
of publications and presentations. These are listed by organization and are identified 
by the categories of formal NASA reports, quick-release technical memorandums, 
contractor reports, journal articles and other publications, meeting presentations, 
technical talks, special documents, tech briefs, and patents. 

DIVISION OFFICE 


Formal Reports 

1. Graybeal, J. D.; and Emerson, B. R.: NASA LDTM-1058, June 1988. 

Meeting Presentations 

2. Cebe, P.; Chung, S. Y.; Liang, R. H.; and St. Clair, A. K.: Optical and 

Mechanical Properties of Aromatic Polyimides. Presented at the American 
Chemical Society Meeting and Third Chemical Congress of the North 
American Continent, June 5-11, 1988, Toronto, Canada. In Polymer 
Preprints, Volume 29, No. 1, 1988, p. 130. 

3. Dorogy, W. E., Jr.; and St. Clair, A. K.: Wet Spinning of Polyamic Acid Fibers. 

Presented at the National Meeting of the American Chemical Society, 
September 25-30, 1988, Los Angeles, California. 

4. St. Clair, A. K.; and Stoakley, D. M.: Presented at the 1988 Air Force Systems 

Command Symposium, March 28-31, 1988, Atlanta, Georgia. 

5. St. Clair, A. K.; St. Clair, T. L.; and Winfree, W. P.: Low Dielectric Polyimides for 

Electronic Applications. Presented at the National Meeting of the American 
Chemical Society, September 25-30, 1988, Los Angeles, California. 
Abstract published in Polymeric Materials Science and Engineering, Volume 
59, 1988, p. 28. 

6. Tenney, D. R.: Structural Materials for Space Applications. Presented at the 

NASA/SDIO Space Environmental Effects on Materials Workshop, June 28- 
30, 1988, Hampton, Virginia. NASA CP pending. 

7. Tenney, D. R.; and Bowles, D. E.: Role of Composite Materials in Future Space 

Systems. Presented at the 34th Annual Meeting of the American 
Astronautical Society on Space - A New Community of Opportunity, 
November 2-5, 1987, Houston, Texas. Proceedings pending. 
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8. Tenney, D. R.; and Bowles, D. E.: Space Radiation Effects on Dimensional 

Stability of Composites. Presented at the Centre d’Etudes et de Recherches 
de Toulouse (CERT), Centre National d'Etudes Spatiales (CNES), ESA 
Fourth International Symposium Spacecraft Materials in Space 
Environment, September 6-9, 1988, Toulouse, France. Proceedings 
pending. 

9. Tenney, D. R.; Lisagor, W. B.; and Dixon, S. C.: Materials and Structures for 

Hypersonic Vehicles. Presented at the 16th Congress of the International 
Council of the Aeronautical Sciences (ICAS), August 28-September 2, 1988, 
Jeruselem, Israel. ICAS Paper No. 2.3.1. In ICAS Proceedings, Volume 1, 
1988, p. 398-415. 

Technical Talks 

10. St. Clair, A. K.: Soluble and Colorless Polyimides. Presented at the State 

University of New York Short Course on High-Temperature Polymers: 
Synthesis, Properties, and Applications, May 9-11, 1988, New Paltz, New 
York. 

11. Tenney, D. R.: Radiation Durability of Polymeric Spacecraft Materials. 

Presented at the International Space University (ISU) at MIT, July 12, 1988, 
Boston, Massachusetts. 

Polymeric Materials Branch 


Formal Reports 

1 2. Stoakley, D. M.; and St. Clair, A. K.: NASA LDTM-1 056, July 1 988. 

1 3. Stoakley, D. M.; and St. Clair, A. K.: NASA LDTM-1 057, July 1 988. 

Quick-Release Technical Memorandums 

14. Hinkley, J. A.; Johnston, N. J. ; and O’Brien, T. K.: Interlaminar Fracture 

Toughness of Thermoplastic Composites. NASA TM-1 00532, AVSCOM TM 
88-B-002, February 1988, 32 p. 

15. Nelson, J. B.: Effect of Geometry on Thermal Aging Behavior of Celion/LARC- 

160 Composites. NASA TM-1 00496, December 1987, 21 p. 

16. Nelson, J. B.: Effect of Long-Term Thermal Aging on Coated Celion/LARC-1 60 

Composites. NASA TM-1 00495, October 1987, 22 p. 
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17. Progar, D. J.: Evaluation of a Thermoplastic Polyimide (422) for Bonding GR/PI 

Composite. NASA TM-1 00584, April 1988, 26 p. 

18. Progar, D. J.; and Dezern, J. F.: Initial Adhesive Screening of Novel Polyamide- 

imides and Their Copolymers. NASA TM-1 00641 , August 1 988, 1 9 p. 

19. Progar, D. J.; and St. Clair, T. L.: Flexible Backbone Aromatic Polyimide 

Adhesives. NASA TM-1 00631, July 1988, 29 p. 

20. St. Clair, T. L.; Johnston, N. J.; and Baucom, R. M.: High Performance 

Composites Research at NASA - Langley. NASA TM-1 0051 8, January 
1988, 20 p. 

Contractor Reports 

21 . Delano, C. B.: Development of an Impact-and-Solvent-Resistant Thermoplastic 

Composite Matrix - Phase IV. (NASI -16808 Acurex Corporation.) NASA 
CR-178413, September 1987 (Released 1988), 124 p. 

22. Hou, T-H; and Bai, J-M: Chemoviscosity Modeling for Thermosetting Resin 

Systems - III. (NASI -18000 PRC Systems Services.) NASA CR-181718, 
August 1988, 41 p. 

Journal Articles and Other Publications 

23. Bell, V. L.; and Wakelyn, N. T.: Graft Copolymers From Poly(2,6-Dimethylpheny- 

lene Oxide) and Pivalolactone. Journal of Polymer Science . Part A: 
Polymer Chemistry, Volume 26, 1988, p. 827-834. 

24. Burks, H. D.; and St. Clair, T. L.: High Temperature Polyimide Blends. SAMPE 

Quarterly . Volume 19, No. 1, October 1987, p. 1-6. 

25. DeVilbiss, T. A.; Progar, D. J.; and Wightman, J. P.: SEM/XPS Analysis of 

Fractured Adhesively Bonded Graphite Fibre Surface Resin-Rich/Graphite 
Fibre Composites. Composites . Volume 19, No. 1, January 1988, p.. 67-71. 

26. Dezern, J. F.: Synthesis and Characterization of BTDA-Based Polyamide- 

Imides. Journal of Polymer Science. Part A: Polymer Chemistry, Volume 26, 
1988, p. 2157-2169. 

27. Hergenrother, P. M.: Polyquinoxalines. Encyclopedia of Polymer Science and 

Engineering . Volume 13, Second Edition, 1988, p. 55-87. 

28. Hergenrother, P. M.; and Havens, S. J.: Adhesive Properties of LARC-CPI, A 

New Semi-Crystalline Polyimide. SAMPE Journal . Volume 24, No. 4, 1988, 
p. 13-18. 
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29. Hergenrother, P. M.; Jensen, B. J.; and Havens, S. J.: Poly(arylene ethers). 

Polymer. Volume 29, 1988, p. 358-369. 

30. Hinkley, J. A.; and Hoogstraten, C. A.: Tearing of Thin Polyimide Films. Journal 

of Materials Science. Volume 22, No. 12, December 1987, p. 4422-4425. 

31. Hou, T-H.; Bai, J-M.; and St. Clair, T. L.: Polymerization and Crystallization 

Behavior of a LARC-TPI Powder. Journal of Applied Polymer Science . 
Volume 36, No. 2, July 1988, p. 279-293. 

32. Hou, T-H.; Wakelyn, N. T.; and St. Clair, T. L.: Investigation of Crystalline 

Changes in LARC-TPI Powders. Journal of Applied Polymer Science . 
Volume 36, No. 2, December 1988, p. 1731-1739. 

33. Pater, R. H.; and Morgan, C. D.: Interpenetrating Polymer Network Approach to 

Tougher and More Microcracking Resistant High Temperature Polymers 1 . 
LaRC-RP40. SAMPE Journal. Volume 24, No. 5, September/October 1 988, 
p. 25-32. 

34. Progar, D. J.; and Pike, R. A.: Adhesive Evaluation of Water-Soluble LARC-TPI. 

International Journal of Adhesion and Adhesives . Volume 8, No. 1, January 
1988, p. 25-32. 

Meeting Presentations 

35. Bass, R. G.; Waldbauer, R. O., Jr.; and Hergenrother, P. M.: Polyphenyl- 

quinoxalines Containing Carbonyl and Ether Connecting Groups. 
Presented at the American Chemical Society Meeting and Third Chemical 
Congress of the North American Continent, June 5-11, 1988, Toronto, 
Canada. In Polymer Preprints, Volume 29, No. 1, 1988, p. 292. 

36. Connell, J. W.; Bass, R. G.; and Hergenrother, P. M.: Blends of an Ethynyl 

Terminated Imidothioether With Ethynyl Terminated Arylene Ether 
Oligomers. Presented at the 33rd International SAMPE Symposium and 
Exhibition, March 7-10, 1988, Anaheim, California. In SAMPE Preprint, 
Volume 33, p. 251-261. 

37. Connell, J. W.; and Hergenrother, P. M.: Synthesis of Polyphenylquinoxalines 

Via Aromatic Nucleophilic Displacement. Presented at the American 
Chemical Society Meeting and Third Chemical Congress of the North 
American Continent, June 5-11, 1988, Toronto, Canada. In Polymer 
Preprints, Volume 29, No. 1, 1988, p. 172. 
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38. Dezern, J. F.: Novel Polyamide-lmides. Presented at the 19th International 

SAMPE Technical Conference on The Nation's Future Material Needs, 
October 13-15, 1987, Arlington, Virginia. In Preprint Book, Volume 19, 
p. 386-397. 

39. Hergenrother, P. M.: High Performance Organic Adhesives. Presented at the 

Association of European Adhesives Manufacturers World Adhesive 
Congress Conference, June 8-10, 1988, Munich, West Germany. 
Proceedings pending. 

40. Hergenrother, P. M.: High Performance Polymers. Presented at the 172nd 

Meeting of the Electrochemical Society, October 18-23, 1987, Honolulu, 
Hawaii. Extended abstract printed in proceedings. 

41. Hergenrother, P. M.; and Havens, S. J.: Adhesive Properties of a New Semi- 

Crystalline Polyimide. Presented at the American Defense Preparedness 
Association Joint Government-Industry Symposium on Structural Adhesive 
Bonding, November 3-5, 1987, Dover, New Jersey. In Proceedings, p. 23- 
34. 

42. Hergenrother, P. M.; and Havens, S. J.: Adhesive Properties of LARC-CPI, a 

New Semi-Crystalline Polyimide. Presented at the 33rd International 
SAMPE Symposium and Exhibition, March 7-10, 1988, Anaheim, California. 
In SAMPE Preprint, Volume 33, p. 451 -463. 

43. Hergenrother, P. M.; and Johnston, N. J.: Organic Polymeric Composites for 

Aerospace Applications. Presented at the National Meeting of the American 
Chemical Society, September 25-30, 1988, Los Angeles, California. In 
Polymeric Materials Science and Engineering Proceedings, Volume 59, 
p. 697-701. 

44. Hinkley, J. A.: A Review of High Performance Thermoplastics Research at 

NASA-Langley. Presented at the Clemson University and Textile Hall 
Corporation Fiber Producer Conference 1988, April 26-28, 1988, Greenville, 
South Carolina. Abstract in Proceedings, p. 5A-3. 

45. Hou, T-H.; and St. Clair, T. L.: Characterization of a Semicrystalline 

Polyimidesulfone Powder. Presented at the Society of Plastics Engineers 
and SAE 1988 International Congress & Exposition, February 29 - March 4, 
1988, Detroit, Michigan. SAE Paper No. 880112. In SAE SP-748, Polymer 
Composites for Automotive Applications, p. 31-41. 
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46. Pater, R. H.: A New Synthetic Route to a Family of Non-Classical Addition-Type 

Thermoplastics 1. Concept and Demonstrations. Presented at the Society 
for the Advancement of Materials and Process Engineering 20th 
International SAMPE Technical Conference, September 27-29, 1988, 
Minneapolis, Minnesota. In SAMPE Preprint, Volume 20, p. 174-186. 

47. Pater, R. H.: A Review of Dynamic Mechanical Characterization of High 

Temperature PMR Polyimides and Composites. Presented at the Society of 
Plastics Engineers and SAE 1988 International Congress & Exposition, 
February 29 - March 4, 1988, Detroit, Michigan. SAE Paper No. 880152. In 
SAE SP-748, Polymer Composites for Automotive Applications, p. 43-51 . 

48. Pater, R. H.: Novel Biscitraconimides Containing Hexafluoropropylidene 

Linkage. Presented at the National Meeting of the American Chemical 
Society, September 25-30, 1988, Los Angeles, California. 

49. Pater, R. H.; and Morgan, C. D.: Interpenetrating Polymer Network Approach to 

Tougher and More Microcracking Resistant High Temperature Polymers 1. - 
LaRC-RP40. Presented at the 1988 Society of Plastics Engineers Annual 
Technical Conference (ANTEC), April 18-21, 1988, Atlanta, Georgia. In 
Proceedings, p. 1639-1644. 

50. Pratt, J. R.; Blackwell, D. A.; St. Clair, T. L.; and Allphin, N. L.: 4,4'-lsophthaloyl- 

diphthalic Anhydride Polyimides. Presented at the American Chemical 
Society Meeting and Third Chemical Congress of the North American 
Continent, June 5-1 1 , 1988, Toronto, Canada. In Polymer Preprints, Volume 
29, No. 1, 1988, p. 128-129. 

51. Progar, D. J.; and St. Clair, T. L.: Flexible Backbone Aromatic Polyimide 

Adhesives. Presented at the U. S. Army Materials Technology Laboratory 
Thirty-Fifth Sagamore Army Materials Research Conference, June 26-30, 
1988, Manchester, New Hampshire. Proceedingspending. 

52. St. Clair, T. L.; Johnston, N. J.; and Baucom, R. M.: High Performance 

Composites Research at NASA-Langley. Presented at the Society of 
Plastics Engineers and SAE 1988 International Congress & Exposition, 
February 29 - March 4, 1988, Detroit, Michigan. SAE Paper No. 880110. In 
SAE SP-748, Polymer Composites for Automotive Applications, p. 1-19. 

53. St. Clair, T. L.; and Progar, D. J.: Adhesive Evaluation of New Polyimides. 

Presented at the American Defense Preparedness Association Joint 
Government-Industry Symposium on Structural Adhesive Bonding, 
November 3-5, 1987, Dover, New Jersey. In Proceedings, p. 37-53. 
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54. Stoakley, D. M.; and St. Clair, A. K.: The Effect of Diamic Acid Additives on the 

Dielectric Constant of Polyimides. Presented at the National Meeting of the 
American Chemical Society, September 25-30, 1988, Los Angeles, 
California. 

55. Young, P. R.; and Chang, A. C.: FTIR Characterization of Thermally Cycled 

PMR-15 Composites. Presented at the 33rd International SAMPE 
Symposium and Exhibition, March 7-10, 1988, Anaheim, California. In 
SAMPE Preprint, Volume 33, p. 538-550. 

56. Young, P. R.; Druy, M. A.; Stevenson, W. A.; and Compton, D. A. C.: In Situ 

Composite Cure Monitoring Using Infrared Transmitting Optical Fibers. 
Presented at the Society for the Advancement of Materials and Process 
Engineering 20th International SAMPE Technical Conference, September 
27-29, 1988, Minneapolis, Minnesota. In SAMPE Preprint, Volume 20, 
p. 336-347. 

Technical Talks 

57. Boston, H. G.; Stoakley, D. M.; and St. Clair, A. K.: Structure-Property Study of 

Polyimide Films Using Autovibron With Improved Clamping Technique. 
Presented at the American Chemical Society 39th Southeast Regional 
Meeting, November 3-6, 1987, Orlando, Florida. 

58. Hergenrother, P. M.: New High Performance Thermoplastic Composite 

Matrices. Presented at the 1988 Gordon Research Conference on 

Composite Materials, January 11-15, 1988, Ventura, California. 

59. Hergenrother, P. M.: New Polyimides Containing Carbonyl and Ether 

Connecting Groups. Presented at the Pennsylvania State Polymer 
Symposium on Synthesis of Polymers, October 5-6, 1987, University Park, 
Pennsylvania. 

60. Hergenrother, P. M.: Recent Advances in High Performance Organic 

Adhesives. Presented at the 1988 Gordon Research Conference on the 

Science of Adhesion, August 14-19, 1988, New Hampton, New Hampshire. 

61. Hergenrother, P. M.: Synthetic Approaches to Thermoplastic Composite 

Matrices. Presented at the American Chemical Society Workshop on 
Chemistry and Properties of High Performance Composites, March 28-31 , 
1988, Jackson, Wyoming. 

62. Hinkley, J. A.: Effect of Fiber/Matrix Adhesion on Interlaminar Toughness of 

Thermoplastic Matrix Composites. Presented at the University of 
Connecticut Symposium/Workshop on the Control of Polymer Interface 
Properties, May 19-20, 1988, Storrs, Connecticut. 
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63. Hinkley, J. A.; Johnston, N. J.; and O'Brien, T. K.: Interlaminar Fracture 

Toughness of Thermoplastic Composites. Presented at the ASTM 
Symposium on Advances in Thermoplastic Matrix Composite Materials, 
October 18-20, 1987, Bal Harbour, Florida. 

64. Howes, J. C.; Loos, A. C.; and Hinkley, J. A.: The Effect of Processing on 

Interfacial Strength Development in Thermoplastic Resins and Composites. 
Presented at the ASTM Symposium on Advances in Thermoplastic Matrix 
Composite Materials, October 18-20, 1987, Bal Harbour, Florida. 

65. Jensen, B. J.: High Performance Thermosets. Presented at the Virginia 

Commonwealth University, Chemistry Department, .May 5, 1988, Richmond, 
Virginia. 

66. Johnston, N. J.: High Performance Composites: Resin Property/Composite 

Property Relationships. Presented at the University of Florida Advanced 
Materials Conference, November 9-13, 1987, Palm Coast, Florida. 

67. Johnston, N. J.: High Performance Composites: Resin Property/Composite 

Property Relationships. Presented at the American Chemical Society 
Workshop on Chemistry and Properties of High Performance Composites, 
March 28-31 , 1988, Jackson, Wyoming. 

68. Johnston, N. J.: Introduction to High Performance Composites. Presented at 

the State University of New York Short Course on Principles of High 
Performance Composites, October 26-28, 1987, West Point, New York. 

69. Johnston, N. J.: Introduction to High Performance Composites. Presented at 

the American Chemical Society Workshop on Chemistry and Properties of 
High Performance Composites, March 28-31, 1988, Jackson, Wyoming. 

70. Johnston, N. J.: Resin Property/Composite Property Relationships. Presented 

at the State University of New York Short Course on Principles of High 
Performance Composites, October 26-28, 1987, West Point, New York. 

71. Johnston, N. J.: Thermoplastic Composites. Presented at the Navy Council on 

Materials and Structures Tutorial on Thermoplastic Composites, December 
2-3, 1987, Washington, DC. 

72. Johnston, N. J.: Thermoset and Thermoplastic Matrices: Room for Both? 

Presented at the Gordon Research Conference on Thermosetting Polymers, 
June 20-24, 1988, New London, New Hampshire. 
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73. Pater, R. H.: Interpenetrating Polymer Network Approach to Tough High 

Temperature Polymers and Composites. Presented at the American 
Chemical Society Workshop on Chemistry and Properties of High 
Performance Composites, March 28-31, 1988, Jackson, Wyoming. 

74. Pater, R. H.: LaRC-RP40: A New Tough High Temperature Matrix Resin. 

Presented at the Air Force, Army, Navy, High Temple Workshop VIII, January 
25-28, 1988, Riviera Beach, Florida. 

75. Progar, D. J.: High Temperature Polyimide Composite Bonding. Presented at 

the 1 988 Gordon Research Conference on the Science of Adhesion, August 
14-19, 1988, New Hampton, New Hampshire. 

76. St. Clair, T. L.: Advanced Polymers for Aerospace Application. Presented at the 

ACS, Society of Analytical Chemists of Pittsburgh, et al.. Seminar on 
Emerging Materials: The Shape of New Technologies, March 29, 1988, 
Pittsburgh, Pennsylvania. 

77. St. Clair, T. L.: High Performance Thermoplastics. Presented at the State 

University of New York Short Course on High-Temperature Polymers: 
Synthesis, Properties, and Applications, May 9-11, 1988, New Paltz, New 
York. 

78. St. Clair, T. L.: High Temperature Aerospace Adhesives. Presented at the 

State University of New York Short Course on Adhesion Science, October 
20, 1 987, West Point, New York. 

79. St. Clair, T. L.: Novel Developments in Polymers for Aerospace Applications. 

Presented .at the 1987 Fall Meeting of the Association for Chemical 
Technology Transfer, November 19, 1987, Crystal City, Virginia. 

80. St. Clair, T. L.: Thermoplastic Polyimides. Presented at the Polysar Limited 

Polymer Seminar Series, July 14, 1988, Sarnia, Canada. 

81. St. Clair, T. L.: Thermoplastic Polyimides. Presented at the State University of 

New York Short Course on High-Temperature Polymers: Synthesis, 

Properties, and Applications, May 9-11, 1988, New Paltz, New York. 

82. St. Clair, T. L.: Thermoplastic Resins in High Performance Composites. 

Presented at the State University of New York Short Course on Principles of 
High Performance Composites, October 26-28, 1987, West Point, New York. 
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Tech Briefs 


83. St. Clair, T. L.; and Kumar, D.: Method for Producing Isomeric Trisaryloxycyclo- 
triphosphazene Polymer Precursors and Intermediates. NASA Tech Brief 
LAR-13819. 


Patents 

84. Bell, V. L.: Polyether- Polyester Graft Copolymer, U.S. Patent 4,711,932. 

Issued December 8, 1987. 

85. St. Clair, T. L.; Maudgal, S.; and Pratt, R. J.: Poly(Carbonate-lmide) Polymer. 

U.S. Patent 4,713,439. Issued December 15, 1987. 

86. Hergenrother, P. M.; Bass, R. G.; Sinsky, M. K.; and Connell, J. W.: 

Polyenamines From Aromatic Diacetylenic Diketones and Diamines. U.S. 
Patent 4,774,359. Issued September 27, 1988. 

Mechanics of Materials Branch 


Formal Reports 

87. Whitcomb, J. D.: Three-Dimensional Analysis of a Postbuckled Embedded 

Delamination. NASA TP-2823, July 1988, 25 p. 

Quick-Release Technical Memorandums 

88. Bigelow, C. A.: Analysis of Notched Metal Matrix Composites Under Tension 

Loading. NASA TM-1 00629, June 1988, 42 p. 

89. Bigelow, C. A.: Effects of Moisture, Elevated Temperature, and Fatigue Loading 

on the Behavior of Graphite/Epoxy Buffer Strip Panels With Center Cracks. 
NASA TM-1 00558, February 1988, 26 p. 

90. Crews, J. H., Jr.; and Reeder, J. R.: A Mixed-Mode Bending Apparatus for 

Delamination Testing. NASA TM-1 00662, August 1988, 39 p. 

91. Crews, J. H., Jr.; Shivakumar, K. N.; and Raju, I. S.: A Fiber-Resin 

Micromechanics Analysis of the Delamination Front in a DCB Specimen. 
NASA TM-1 00540, January 1988, 42 p. 

92. Johnson, W. S.: Fatigue Testing and Damage Development in Continuous 

Fiber Reinforced Metal Matrix Composites. NASA TM-1 00628, June 1988, 
53 p. 
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93. Lubowinski, S. J.; Guynn, E. G.; Elber, W.; and Whitcomb, J. D.: Loading Rate 

Sensitivity of Open Hole Composites in Compression. NASA TM-1 00634, 
AVSCOM TM 88-B-012, August 1988, 31 p. 

94. Martin, R. H.; and Murri, G. B.: Characterization of Mode I and Mode II 

Delamination Growth and Thresholds in Graphite/PEEK Composites. NASA 
TM-1 00577, AVSCOM TM 88-B-01 1 , April 1988, 51 p. 

95. Naik, R. A.; and Crews, J. H., Jr.: Ply-Level Failure Analysis of a Graphite/Epoxy 

Laminate Under Bearing-Bypass Loading. NASA TM-1 00578, March 1988, 
36 p. 

96. O'Brien, T. K.: Towards a Damage Tolerance Philosophy for Composite 

Materials and Structures. NASA TM-1 00548, AVSCOM TM 88-B-009, 
March 1988, 63 p. 

97. Poe, C. C., Jr.: Simulated Impact Damage in a Thick Graphite/Epoxy Laminate 

Using Spherical Indenters. NASA TM-1 00539, January 1988, 34 p. 

98. Poe, C. C., Jr.: Strain Intensity Factor Approach for Predicting the Strength of 

Continuously Reinforced Metal Matrix Composites. NASA TM-1 0061 7, May 
1988, 36 p. 

99. Poe, C. C., Jr.; Harris, C. E.; and Morris, D. H.: Surface Crack Analysis Applied 

to Impact Damage in a Thick Graphite/Epoxy Composite. NASA TM- 
100600, April 1988, 31 p. 

100. Raju, I. S.; Atluri, S. N.; and Newman, J. C., Jr.: Stress-Intensity Factors for 

Small Surface and Corner Cracks in Plates. NASA TM-1 00599, April 1988, 
45 p. 

101. Salpekar, S. A.; Raju, I. S.; and O'Brien, T. K.: Strain-Energy-Release Rate 

Analysis of the End-Notched Flexure Specimen Using the Finite-Element 
Method. NASA TM-100494, AVSCOM TM 87-B-12, November 1987, 32 p. 

102. Tan, P. W.; and Bigelow, C. A.: An Improved Boundary Force Method for 

Analyzing Cracked Anisotropic Materials. NASA TM-1 01 495, September 
1988, 38 p. 

103. Whitcomb, J. D.: Instability-Related Delamination Growth of Embedded and 

Edge Delamination. NASA TM-1 00655, August 1988, 198 p. 

104. Whitcomb, J. D.: Mechanics of Instability-Related Delamination Growth. NASA 

TM-1 00622, May 1988, 25 p. 
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Contractor Reports 


105. Harris, C. E.; and Lee, J-W: A Micromechanics Model of the Stiffness and 

Strength of Laminates With Fiber Waviness. (NAG1-711 Texas A&M 
University.) NASA CR-181670, July 1988, 101 p. 

Journal Articles and Other Publications 

106. Bigelow, C. A.: Effect of Adhesive Debond on Stress-Intensity Factors in 

Bonded Composite Panels. ASTM STP 981 , Adhesively Bonded Joints; 
Testing. Analysis, and Design . 1 988, p. 209-228. 

107. Caslini, M.; Zanotti, C.; and O'Brien, T. K.: Study of Matrix Cracking and 

Delamination in Glass/Epoxy Laminates. Journal of Composites 
Technology & Research . Volume 9, No. 4, Winter 1987, p. 121-130. 

108. Chermahini, R. G.; Shivakumar, K. N.; and Newman, J. C., Jr.: Three- 

Dimensional Finite-Element Simulation of Fatigue Crack Growth and 
Closure. ASTM STP 982, Mechanics of Fatigue Crack Closure . 1988, 
p. 398-413. 

109. Crews, J. H., Jr.; Shivakumar, K. N.; and Raju, I. S.: Factors Influencing Elastic 

Stresses in Double Cantilever Beam Specimens. ASTM STP 981, 
Adhesively Bonded Joints: Testing. Analysis, and Design . 1988, p. 119-132. 

110. Fleck, N. A.; and Newman, J. C., Jr.: Analysis of Crack Closure Under Plane 

Strain Conditions. ASTM STP 982, Mechanics of Fatigue Crack Closure . 
1988, p. 319-341. 

111. Forman, R. G.; Shivakumar, V.; Newman, J. C., Jr.; Piotrowski, S. M.; and 

Williams, L. C.: Development of the NASA/FLAGRO Computer Program. 
ASTM STP 945, Fracture Mechanics: Eighteenth Symposium . 1988, p. 781- 
803. 

112. Harris, C. E.; Allen, D. H.; Nottorf, E. W.; and Groves, S. E.: Modeling Stiffness 

Loss in Quasi-Isotropic Laminates Due to Microstructural Damage. Journal 
of Engineering Materials and Technology . Volume 110, No. 2, April 1988, 
p. 128-133. 

113. Johnson, W. S. (ed.): Adhesively Bonded Joints: Testing. Analysis, and 

Design . ASTM STP 981, July 1988, 320 p. 

114. Johnson, W. S.: Stress Analysis of the Cracked-Lap-Shear Specimen: An 

ASTM Round-Robin. Journal of Testing and Evaluation . Volume 15, No. 6, 
November 1987, p. 303-324. 
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115. Mall, S.; and Johnson, W. S.: Debonding Characteristics of Adhesively Bonded 

Woven Kevlar Composites. ASTM STP 981 , Adhesively Bonded Joints: 
Testing. Analysis, and Design. July 1988, p. 194-206. 

116. Murri, G. B.; and Guynn, E. G.: Analysis of Delamination Growth from Matrix 

Cracks in Laminates Subjected to Bending Loads. ASTM STP 972, 
Composite Materials: Testing and Design . 1 988, p. 322-339. 

117. Newman, J. C., Jr.; Booth, B. C.; and Shivakumnar, K. N.: An Elastic-Plastic 

Finite-Element Analysis of the J-Resistance Curve Using a CTOD Criterion. 
ASTM STP 945, Fracture Mec hanics: Eighteenth Symposium. 1988, p. 665- 
685. 

118. Newman, J. C., Jr.; and Elber, W., (eds.): Mechanics of Fatigue Crack Closure. 

ASTM STP 982, June 1988, 668 p. 

119. Newman, J. C., Jr.; McNeill, S. R.; and Sutton, M. A.: Application of Vr 

Resistance Curve Method to Fracture of Various Crack Configurations. 
ASTM STP 945, Fracture Mechanics: Eighteenth Symposium . 1988, p. 103- 
117. 

120. O'Brien, T. K.: Fatigue Delamination Behavior of PEEK Thermoplastic 

Composite Laminates. Journal of Reinforced Plastics and Composites. 
Volume 7, No. 4, July 1988, p. 341-359. 

121. Phillips, E. P.: The Influence of Crack Closure on Fatigue Crack Growth 

Thresholds in 2024-T3 Aluminum Alloy. ASTM STP 982, Mechanics of 
Fatigue Crack Closure. 1 988, p. 505-51 5. 

122. Raju, I. S.; Crews, J. H., Jr.; and Aminpour, M. A.: Convergence of Strain Energy 

Release Rate Components for Edge-Delaminated Composite Laminates. 
Engineering Fracture Mechanics . Volume 30, No. 3, 1988, p. 383-396. 

1 23. Raju, I. S.; and Newman, J. C., Jr.: Stress-Intensity Factors for Corner Cracks in 

Rectangular Bars. ASTM STP 969, Fracture Mechanics: Nineteenth 

Symposium . 1988, p. 43-55. 

124. Raju, I. S.; Shivakumar, K. N.; and Crews, J. H., Jr.: Three Dimensional Elastic 

Analysis of a Composite Double Cantilever Beam Specimen. AIAA Journal . 
Volume 26, No. 12, 1988, p. 1493. 

125. Ripling, E. J.; Crosley, P. B.; and Johnson, W. S.: A Comparison of Pure Mode I 

and Mixed Mode l-lll Cracking of an Adhesive Containing an Open Knit 
Cloth Carrier. ASTM STP 981, Adhesively Bonded Joints: Testing, 

Analysis, and Design . July 1988, p. 163-182. 
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126. Shivakumar, K. N.; and Newman, J. C., Jr.: Numerical Fracture Simulation of 

Compact Bend Specimens. Engineering Fracture Mechanics . Volume 1 , 
1988, p. IO.v.l-IO.v.4. 

127. Shivakumar, K. N.; Tan, P. W.; and Newman, J. C., Jr.: A Virtual Crack-Closure 

Technique for Calculating Stress Intensity Factors for Cracked Three 
Dimensional Bodies. International Journal of Fracture. Volume 36, No. 3, 
March 1988, p. R43-R50. 

128. Tan, P. W.; and Bigelow, C. A.: Analysis of Cracked Laminates With Holes 

Using the Boundary Force Method. AIAA Journal . Volume 26, No. 9, 
September 1988, p. 1094-1099. 

129. Tan, P. W.; Raju, I. S.; and Newman, J. C., Jr.: Boundary Force Method for 

Analyzing Two-Dimensional Cracked Plates. ASTM STP 945, Fracture 
Mechanics: Eighteenth Symposium . 1988, p. 259-277. 

130. Whitcomb, J. D. (ed.): Composite M aterials: Testing and Design. ASTM STP 

972, September 1 988, 467 p. 

Meeting Presentations 

131. Bigelow, C. A.: Effects of Fatigue and Environment on Residual Strengths of 

Center-Cracked Graphite/Epoxy Buffer Strip Panels. Presented at the SEM 
VI International Congress on Experimental Mechanics, June 5-10, 1988, 
Portland, Oregon. In Proceedings, p. 895. 

132. Crews, J. H., Jr.; Shivakumar, K. N.; and Raju, I. S.: A Fiber-Resin 

Micromechanics Analysis of the Delamination Front in a DCB Specimen. 
Presented at the Second International Symposium on Phase Interaction in 
Composites, August 22-27, 1988, Patras, Greece. 

133. Johnson, W. S.: Fatigue Damage Criteria: Matrix, Fibers and Interfaces of 

Continuous Fiber Reinforced Metal Matrix Composites. Presented at the 9th 
Riso International Symposium on Metallurgy and Materials Science, 
September 5-9, 1988, Roskilde, Denmark. In Proceedings, p. 403-412. 

134. Johnson, W. S.: Fatigue Testing and Damage Development in Continuous 

Fiber Reinforced Metal Matrix Composites. Presented at the ASTM/NASA 
Symposium on Metal Matrix Composites: Testing, Analysis and Failure 
Modes, April 25-26, 1988, Sparks, Nevada. ASTM STP pending. 

135. Johnson, W. S.; Lubowinski, S. J.; and Brewer, W. D.: Mechanical 

Characterization of TM5-3/SCS6. Presented at the Fourth National Aero- 
Space Plane Technology Symposium, February 17-19, 1988, Monterey, 
California. In NASP CP-4025, Volume IV, p. 357-380. 
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136. Lach, C. L.: Sealing Characteristics for a Flourocarbon Elastomeric O-Ring. 

Presented at the Joint Army/Navy/NASA/Air Force 1988 JANNAF Structures 
& Mechanical Behavior Subcommittee Meeting, June 7-9, 1988, Monterey, 
California. In CPIA Publication 490. 

137. Lubowinski, S. J.; Guynn, E. G.; Elber, W., and Whitcomb, J. D.: Loading Rate 

Sensitivity of Polymer Composites in Compression. Presented at the ASTM 
9th Symposium on Composite Materials: Testing and Design, April 27-29, 
1988, Sparks, Nevada. ASTM STP pending. 

138. Lubowinski, S. J.; and Poe, C. C., Jr.: Fatigue Characterization of Stitched 

Graphite/Epoxy Composites. Presented at the NASA and Clemson 
University FIBER-TEX 87 Conference, November 3-6, 1987, Greenville, 
South Carolina. 

139. Martin, R. H.: Effect of Initial Delamination on Gic and Gith Values From 

Glass/Epoxy Double Cantilever Beam Tests. Presented at the American 
Society for Composites Third Technical Conference on Composite 
Materials, September 26-29, 1988, Seattle, Washington. In Proceedings, 
p. 688-700. 

140. Martin, R. H.; and Murri, G. B.: Characterization of Mode I and Mode II 

Delamination Growth and Thresholds in AS4/PEEK Composites. Presented 
at the ASTM 9th Symposium on Composite Materials: Testing and Design, 
April 27-29, 1988, Sparks, Nevada. ASTM STP pending. 

1 41 . Naik, R. A.; and Crews, J. H., Jr.: Ply-Level Failure Analysis of a Graphite/Epoxy 

Laminate Under Bearing-Bypass Loading. Presented at the ASTM 9th 
Symposium on Composite Materials: Testing and Design, April 27-29, 1988, 
Sparks, Nevada. ASTM STP pending. 

142. O'Brien, T. K.: Towards a Damage Tolerance Philosophy for Composite 

Materials and Structures. Presented at the ASTM 9th Symposium on 
Composite Materials: Testing and Design, April 27-29, 1988, Sparks, 
Nevada. ASTM STP pending. 

143. Phillips, E. P.; and Newman, J. C., Jr. : The Significance of Small-Crack Effects 

for Design-Life Calculations. Presented at the Society for Experimental 
Mechanics VI International Congress on Experimental Mechanics, June 5- 
10, 1988, Portland, Oregon. In Proceedings, p. 602-609. 

144. Poe, C. C., Jr.: Simulated Impact Damage in a Thick Graphite/Epoxy Laminate 

Using Spherical Indenters. Presented at the American Society for 
Composites Third Technical Conference on Composite Materials, 
September 26-29, 1988, Seattle, Washington. In Proceedings, p. 334-343. 
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145. Poe, C. C., Jr.: Strain Intensity Factor Approach for Predicting the Strength of 

Continuously Reinforced Metal Matrix Composites. Presented at the 
ASTM/NASA Symposium on Metal Matrix Composites: Testing, Analysis 
and Failure Modes, April 25-26, 1988, Sparks, Nevada. ASTM STP 
pending. 

146. Poe, C. C., Jr.; Harris, C. E.; and Morris, D. H.: Surface Crack Analysis Applied 

to Impact Damage in a Thick Graphite/Epoxy Composite. Presented at the 
ASTM/SEM Symposium on Surface Crack Growth: Models, Experiments 
and Structures, April 25, 1988, Sparks, Nevada. ASTM STP pending. 

* 

147. Salpekar, S. A.; Raju, I. S.; and O'Brien, T. K.: Strain Energy Release Rate 

Analysis of Delamination in a Tapered Laminate Subjected to Tension Load. 
Presented at the American Society for Composites Third Technical 
Conference on Composite Materials, September 26-29, 1988, Seattle, 
Washington. In Proceedings, p. 642-654. 

148. Shivakumar, K. N.; and Newman, J. C., Jr.: Numerical Fracture Simulation of 

Compact and Bend Specimens. Presented at the 1988 International 
Conference on Computational Engineering Science (ICES '88), April 10-14, 
1988, Atlanta, Georgia. In Proceedings, Volume 1, Section 10.5. 

149. Tan, P. W.; Raju, I. S.; Shivakumar, K. N.; and Newman, J. C., Jr.: Stress- 

Intensity Factors for Surface Cracks Emanating From an Edge Notch in a 
Finite Plate Under Tension Loads. Presented at the ASTM/SEM 
Symposium on Surface Crack Growth: Models, Experiments and Structures, 
April 25, 1988, Sparks, Nevada. ASTM STP pending. 

150. Whitcomb, J. D.: Mechanics of Instability- Related Delamination Growth. 

Presented at the ASTM 9th Symposium on Composite Materials: Testing 
and Design, April 27-29, 1988, Sparks, Nevada. ASTM STP pending. 

151. Whitcomb, J. D.: Predicted and Observed Effects of Stacking Sequence and 

Delamination Size on Instability-Related Delamination Growth. Presented at 
the American Society for Composites Third Technical Conference on 
Composite Materials, September 26-29, 1988, Seattle, Washington. In 
Proceedings, p. 678-687. 

152. Whitcomb, J. D.: Three-Dimensional Analysis of a Postbuckled Embedded 

Delamination. Presented at the AFWAL Materials Laboratory Twelfth Annual 
Mechanics of Composites Review, October 16-17, 1987, Bal Harbour, 
Florida. Abstract printed in Proceedings, p. 88-98. 
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Technical Talks 


153. Bigelow, C. A.: Analysis of Notched Metal Matrix Composites Under Tension 

Loading. Presented at the ASTM/NASA Symposium on Metal Matrix 
Composites: Testing, Analysis and Failure Modes, April 25-26, 1988, 
Sparks, Nevada. 

154. Jackson, W. C.; and O'Brien, T. K.: Water Intrusion in Thin-Skinned Composite 

Honeycomb Sandwich Structures. Presented at the 1988 Experimental 
Aircraft Association (EAA) Annual Convention, July 29 - August 5, 1988, 
Oshkosh, Wisconsin. 

155. Newman, J. C., Jr.; and McCabe, D. E.: Application of a CTOD Resistance 

Curve Method to Fracture of Very Ductile, Strain-Hardening Materials. 
Presented at the ASTM 21st National Symposium on Fracture Mechanics, 
June 28-30, 1988, Annapolis, Maryland. 

156. Poe, C. C., Jr.: Simulated Impact Damage in a Thick Graphite/Epoxy Laminate 

Using Spherical Impacters. Presented at the 1987 JANNAF Propulsion 
Meeting, December 15-17, 1987, San Diego, California. 

Tech Briefs 

157. O'Brien, T. K.: Delamination Durability of Composite Materials for Rotorcraft. 

NASA Tech Brief LAR-1 3753. 

Patents 

158. Crews, J. H., Jr.: Bearing-Bypass Material System Test. U.S. Patent 4,718,281. 

Issued January 12, 1988. 

Special Documents 

159. Johnson, W. S.; Lubowinski, S. J.; Highsmith, A. L.; Brewer, W. D.; and 

Hoogstraten, C. A.: NASP TM-1014, April 1988. 

Applied Materials Branch 


Formal Reports 

160. Dow, M. B.: The ACEE Program and Basic Composites Research at Langley 
Research Center (1975 to 1986) - Summary and Bibliography. NASA RP- 
1177, October 1987, 146 p. 
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161. Dow, M. B.; and Smith, D. L.: Properties of Two Composite Materials Made of 

Toughened Epoxy Resin and High-Strain Graphite Fiber. NASA TP-2826, 
July 1988, 41 p. 

162. Maahs, H. G. (ed.): Oxidation-Resistant Carbon-Carbon Composites for 

Hypersonic Vehicle Applications. NASA CP-2501, July 1988, 301 p. 

163. Maahs, H. G.; and Yamaki, Y. R.: Effect of Fiber Surface Treatment Level on 

Interlaminar Strengths of Carbon-Carbon Composites. NASA TM-4033, 
June 1988, 25 p. 

Quick-Release Technical Memorandums 

164. Bowles, D. E.: Finite Element Composite Analysis Program (FECAP) for a 

Microcomputer. NASA TM-1 00670, July 1988, 33 p. 

Contractor Reports 

165. Dursch, H. W.: Chromic Acid Anodizing of Aluminum Foil. (NASI -18224 

Boeing Aerospace Company.) NASA CR-178417, January 1988, 38 p. 

166. Griffin, C. F.; and Harvill, W. E.: Composite Transport Wing Technology 

Development - Design, Development, Tests and Advanced Structural 
Concepts. (NASI -17699 Lockheed Aeronautical Systems Company.) 
NASA CR-4177, September 1988, 112 p. 

Journal Articles and Other Publications 

167. Adams, D. S.; Bowles, D. E.; and Herakovitch, C. T.: Thermally Induced 

Transverse Cracking in Graphite/Epoxy Cross-Ply Laminates. 
Environmental Effects on Composite Materials . Volume 3, 1 988, p. 247-264. 

168. Baker, D. J.: Ground Exposure of Composite Materials for Helicopters. Journal 

of the American Helicopter Society . Volume 33, No. 2, April 1988, p. 15-20. 

169. Bowles, D. E.: Effect of Microcracks on the Thermal Expansion of Composite 

Laminates. Environmental Effects on Composite Materials . Volume 3, 1988, 
p. 275-288. 

170. Dexter, H. B.: Long Term Environmental Effects and Flight Service Evaluation. 

Engineered Materials Handbook. Volume 1; Composites . November 1987, 
p. 823-831 . 

171. Funk, J. G.; and Sykes, G. F., Jr.: Space Radiation Effects on Poly(arylether- 

ketone) Thin Films and Composites. SAMPE Quarterly . Volume 19, No. 3, 
April 1988, p. 19-26. 
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1 72. Hyer, M. W.; Rousseau, C. Q.; and Tompkins, S. S.: Thermally Induced Twist in 

Graphite/Epoxy Tubes. ASME Journal of Engineering Materials and 
Technology. Volume 110, April 1 988, p. 83-88. 

173. Long, E. R., Jr.; and Collins, W. D.: The Effects of Fluids in the Aircraft 

Environment on a Polyetherimide. Polymer Engineering and Science . 
Volume 28, No. 12, June 1988, p. 823-828. 

174. Tompkins, S. S.; and Dries, G. A.: Thermal Expansion Measurements of Metal 

Matrix Composites. ASTM STP 964, Testing Technology of Metal Matrix 
Composites. 1988, p. 248-258. 

Meeting Presentations 

175. Bowles, D. E.; and Shen, J.: Thermal Cycling Effects on the Dimensional 

Stability of P75 and P75-T300 (FABRIC) Hybrid Graphite/Epoxy Laminates. 
Presented at the 33rd International SAMPE Symposium and Exhibition, 
March 7-10, 1988, Anaheim, California. In SAMPE Preprint, Volume 33, 
p. 1659-1671. 

176. Dexter, H. B.: Composite Airframe Materials and Structures. Presented at the 

Fibrous Materials Research Laboratory, Drexel University, 3rd Textile 
Structural Composites Symposium, June 1-2, 1988, Philadelphia, 
Pennsylvania. Proceedings pending. 

177. Dexter, H. B.; and Maiden, J. R.: Application of Textile Material Forms to 

Composite Aircraft Structures. Presented at the NASA and Clemson 
University FIBER-TEX 87 Conference, November 3-6, 1987, Greenville, 
South Carolina. 

178. Dow, M. B.; Smith, D. L.; and Lubowinski, S. J.: An Evaluation of Stitching 

Concepts for Damage Tolerant Composites. Presented at the NASA and 
Clemson University FIBER-TEX 88 Conference, September 13-15, 1988, 
Greenville, South Carolina. NASA CP pending. 

179. Dries, G. A.; and Tompkins, S. S.: Development of Stable Composites of 

Graphite Reinforced Aluminum and Magnesium. Presented at the United 
States Advanced Ceramics Association 12th Conference on Composite 
Materials and Structures, January 20-22, 1988, Cocoa Beach, Florida. In 
NASA CP-3018. 

180. Maahs, H. G.; Barrett, D. M.; and Ohlhorst, C. W.: Highlights From NASA 

Langley Workshop on Oxidation Resistant Carbon-Carbon Materials. 
Presented at the Fourth National Aero-Space Technology Symposium, 
February 17-19, 1988, Monterey, California. In NASA CP-4025, Volume IV, 
p. 107-130. 


24 



1 81 . Maahs, H. G.; Ohlhorst, C. W.; Barrett, D. M.; Ransone, P. Or, and Sawyer, J. W 

Response of Carbon-Carbon Composites to Challenging Environments. 
Presented at the 1988 Spring Meeting of the Materials Research Society, 
April 5-9, 1988, Reno, Nevada. In Proceedings, p. 15-30. 

182. Ransone, P. O.: Effect of Weave Variations on Mechanical Properties of Thin 

3-D Carbon-Carbon Composites. Presented at the United States Advanced 
Ceramics Association 12th Conference on Composite Materials and 
Structures, January 20-22, 1988, Cocoa Beach, Florida. In NASA CP-3018. 

183. Ransone, P. O.; Maahs, H. G.; Ohlhorst, C. W.; and Sawyer, J. W.: Interlaminar 

Tensile Testing of Thin Carbon-Carbon Composites. Presented at the 
Materials Technology Center Fifth Annual Conference on Composite 
Technology, April 14-15, 1988, Carbondale, Illinois. In Proceedings, p. 105- 
122 . 

184. Slemp, W. S.: Ultraviolet Radiation Effects. Presented at the NASA/SDIO 

Space Environmental Effects on Materials Workshop, June 28-30, 1988, 
Hampton, Virginia. NASA CP pending. 

185. Smith, D. L.; and Dexter, H. B.: Woven Fabric Composites With Improved 

Fracture Toughness and Damage Tolerance. Presented at the NASA and 
Clemson University FIBER-TEX 88 Conference, September 13-15, 1988, 
Greenville, South Carolina. NASA CP pending. 

186. Stein, B. A.; and Dexter, H. B.: Advanced Composite Materials for Airframe 

Structures. Presented at the NASA and Clemson University FIBER-TEX 87 
Conference, November 3-6, 1987, Greenville, South Carolina. 

187. Tompkins, S. S.: Effects of Thermal Cycling on Composite Materials for Space 

Structures. Presented at the NASA/SDIO Space Environmental Effects on 
Materials Workshop, June 28-30, 1988, Hampton, Virginia. NASA CP 
pending. 

188. Tompkins, S. S.: Techniques for Measurement of the Thermal Expansion of 

Advanced Composite Materials. Presented at the ASTM/NASA Symposium 
on Metal Matrix Composites: Testing, Analysis and Failure Modes, April 25- 
26, 1988, Sparks, Nevada. ASTM STP pending. 

189. Tompkins, S. S.; Bowles, D. E.; Slemp, W. S.; and Teichman, L. A.: Response of 

Composite Materials to the Space Station Orbit Environment. Presented at 
the AIAA/NASA Space Station Symposium, April 21-22, 1988, Williamsburg, 
Virginia. AIAA Paper No. 88-2476-CP. 
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190. Yamaki, Y. R.; and Maahs, H. G. : An Investigation of Fiber Surface Treatment 

as a Means of Improving Interlaminar Strengths of Carbon-Carbon 
Composites. Presented at the United States Advanced Ceramics 
Association 12th Conference on Composite Materials and Structures, 
January 20-22, 1988, Cocoa Beach, Florida. In NASA CP-3018. 

Technical Talks 

191. Deaton, J. W.; and Smith, D. L.: Characterization of Triaxial Woven Fabric 

Reinforced Graphite/Epoxy Composite Materials. Presented at the American 
Society for Composites Third Technical Conference on Composite 
Materials, September 26-29, 1988, Seattle, Washington. 

192. Derstine, M.; Pindera, M. J.; and Bowles, D. E.: Combined Mechanical Loading 

of Composite Tubes. Presented at the Virginia Tech Center for Composite 
Materials and Structures Fifth Annual Review Meeting, April 4-6, 1988, 
Blacksburg, Virginia. 

193. Farley, G. L.: The Influence of Structural Geometry on the Energy-Absorption 

Capability of Composite Tube and Beam Structure. Presented at the 4th 
Annual ASM/ESD Advanced Composites Conference Exposition, 
September 13-15, 1988, Dearborn, Michigan. 

194. Maahs, H. G.: NASA Langley Carbon-Carbon Workshop Highlights. Presented 

at the NASP Joint Program Office Refractory Composites Technology 
Update Workshop, March 25, 1988, Wright-Patterson Air Force Base, Ohio. 

Computer Programs 

195. Bowles, D. E.: Finite Element Composite Analysis Program (FECAP) for a 

Microcomputer. NASA Tech Brief LAR-14109. 

Metallic Materials Branch 
Journal Articles and Other Publications 

196. Blackburn, L. B.: Strain Measurement Technique for Elevated Temperature 

Tensile and Creep Testing of Foil-Gage Metals. Journal of Testing and 
Evaluation . Volume 16, No. 3, May 1988, p. 271-275. 

197. Clark, R. K.; Unnam, J.; and Wiedemann, K. E.: Effect of Coatings on Oxidation 

of Ti-6AI-2Sn-4Zr-2Mo Foil. Oxidation of Metals . Volume 28, Nos. 5/6, 
December 1987, p. 391-405. 
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Meeting Presentations 


198. Bales, T. T.; Bird, R. K.; Hoffman, E. K.; and Wiant, H. R.: Fabrication and 

Evaluation of Lightweight High Temperature TixAl Sandwich Panels by 
Enhanced Diffusion Bonding. Presented at the Fourth National Aero-Space 
Plane Technology Symposium, February 17-19, 1988, Monterey, California. 
In NASP CP-4025, Volume IV, p. 381-402. 

199. Bird, R. K.; Brewer, W. D.; and Royster, D. M.: Evaluation of Mechanically 

Alloyed Al-Li and AI-Li/SiC Composite Materials. Presented at the United 
States Advanced Ceramics Association 12th Conference on Composite 
Materials and Structures, January 20-22, 1988, Cocoa Beach, Florida. In 
NASA CP-3018. 

200. Bird, R. K.; and Wagner, J. A.: Fatigue Behavior of 18 Ni 200 Grade Maraging 

Steel for Cryogenic Applications. Presented at the NASA Second Workshop 
on Design and Fabrication of Cryogenic Wind-Tunnel Models, November 3- 
5, 1987, Hampton, Virginia. 

201. Clark, R. K.; Wiedemann, K. E.; Sankaran, S. N.; and Wallace, T. A.: Emittance, 

Catalysis and Oxidation of TixAl and Coatings Under Hypersonic Conditions. 
Presented at the Fourth National Aero-Space Plane Technology 
Symposium, February 17-19, 1988, Monterey, California. In NASP CP- 
4027, Volume VI, p. 339-356. 

202. Sarkar, B.; Brewer, W. D.; and Lisagor, W. B.: Improvements in Mechanical 

Properties of SiC Whisker Reinforced Aluminum Composites Through 
Increased Microstructural Uniformity. Presented at the United States 
Advanced Ceramics Association 12th Conference on Composite Materials 
and Structures, January 20-22, 1988, Cocoa Beach, Florida. In NASA CP- 
3018. 

203. Wiedemann, K. E.; Sankaran, S. N.; Clark, R. K.; and Wallace, T. A. : Static 

and Dynamic Oxidation of Ti-14AI-21Nb and Coatings. Presented at the 
Cleveland Chapter of ASM International, NASA Lewis Research Center, 
Case Western Reserve University, TMS-AIME Workshop on the Oxidation of 
High-Temperature Intermetallics, September 22-23, 1988, Cleveland, Ohio. 
Proceedings pending. 

Technical Talks 

204. Domack, M. S.: Evaluation of Kiscc and da/dt Measurements for Aluminum 

Alloys Using Precracked Specimens. Presented at the ASTM International 
Symposium on Environmentally-Assisted Cracking: Science and 
Engineering, November 9-11, 1987, Bal Harbour, Florida. 
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205. James, W. F.; and Bales, T. T.: Post-Superplastic Forming Properties of 7475 

Aluminum Alloy. Presented at the WESTEC 1 988 25th Western Metal and 
Tool Exposition and Conference, March 21-24, 1988, Los Angeles, 
California. 

206. Sankaran, S. N.; Clark, R. K.; and Unnam. J.: Oxidation Characteristics of 

Ti-14AI-21Nb Ingot Alloy. Presented at the 1988 TMS Annual Meeting, 
January 25-28, 1 988, Phoenix, Arizona. 

207. Singleton, O. R.; Royster, D. M.; and Thomas, J. R.: Strength and Toughness of 

Laboratory Produced P/M Aluminum 2XXX Sheet With Zirconium Dispersoid 
Additions. Presented at the 1988 Metallurgical Society Annual Meeting, 
January 25-29, 1988, Phoenix, Arizona. 

208. Wagner, J. A.: The Effect of Copper, Chromium and Zirconium on the 

Mechanical Properties and Microstructure of Al-Zn-Mg Alloys. Presented at 
the 1988 TMS Fall Meeting, September 25-29, 1988, Chicago, Illinois. 

209. Wallace, T. A.; and Rohr, K. L.: The Role of Grain Boundaries in the Fracture of 

a Dual-Phase AISI 416 Stainless Steel. Presented at the ASM International 
Materials Week '87 Conference, October 10-15, 1987, Cincinnati, Ohio. 

210. Wiedemann, K. E.; Clark, R. K.; and Sankaran, S. N.: Emittance, Catalysis, and 

Dynamic Oxidation of Ti-14AI-21Nb Sheet. Presented at the 1988 TMS 
Annual Meeting, January 25-29, 1988, Phoenix, Arizona. 


Patents 

211. Wichorek, G. R.: Device for Measuring Hole Elongation in a Bolted Joint. U.S. 
Patent 4,706,387. Issued November 17, 1987. 
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FY 89 PLANS 


Polymeric Materials Branch 

Major research thrusts for FY 89 in the Polymeric Materials Branch are in the areas 
of resin-matrix composite studies, high performance polymers and space durable 
polymers. Plans for this research are outlined in figure 38. The research will be 
conducted under the following three RTR's. 

RTR 505-63-01-01 Resin Matrix Composite Development 

Objective: 

Develop technology leading to high performance composites with high damage 
tolerance and durability for advanced structural applications. 

Approach: 

Conduct large scale synthesis of new thermoplastics, semi-crystalline polymers, 
toughened thermosets and polymer blends and evaluate promising new 
candidates as composite matrices. Study and optimize prepreg formation and 
composite fabrication of new matrices. Conduct work to develop better 
prepregging and composite fabrication processes. Test composites under 
variety of conditions. 

4 

Milestones: 

• Demonstrate feasibility of fabricating complex composite panels from LARC- 
TPI and PISO 2 using high temperature expandable rubber tooling - May 
1989. 

• Develop new process to prepare graphite/thermoplastic resin prepreg by hot 
melt impregnation of uniweave graphite cloth - June 1989. 

• Obtain composite properties using in-house prepared prepreg from a blend of 
acetylene terminated materials - July 1989. 

• Correlate damage tolerance of small composite panels with that obtained on 
standard panels - August 1 989. 

• Determine damage tolerance of composites from three in-house developed 
high temperature polymers - September 1989. 

• Scaleup synthesis of one promising new polymer and evaluate in composites 
- September 1989. 

» 

• Develop powder impregnation technique to make prepreg - September 1989. 
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RTR 506-43-11-01 High Performance Polymers 


Objective: 

Develop readily processable polymers for use as adhesives, composite 

matrices and films in hostile high temperature environments. 

Approach: 

Synthesize and characterize new polyimides, polyphenylquinoxalines, poly- 

arylene ethers, acetylene containing materials and polymer blends. Evaluate 

as high temperature adhesives, composite matrices and films. 

Milestones: 

• Evaluate composite properties of a semi-crystalline polyimide (LARC-CPI) - 
February 1989. 

• Prepare and characterize new, more processable polyimides containing 
carbonyl and ether connecting groups with methyl substituents - March 1989. 

• Synthesize and characterize novel imidazole and benzimidazole containing 
polyarylene ethers - April 1989. 

• Evaluate new polyphenylquinoxalines prepared by aromatic nucleophilic 
displacement route as adhesives, composites and films - June 1989. 

• Obtain preliminary adhesive, composite and film properties on new semi- 
crystalline imide copolymers - July 1 989. 

• Optimize blends of acetylene terminated arylene ether oligimers and other 
acetylene terminated materials to obtain best balance of processability and 
composite properties - August 1989. 

• Comprehensively evaluate the adhesive performance of a new high 
temperature polyimide - August 1989. 

• Develop a new tough matrix based upon the reaction of acetylene terminated 
resins and bismaleimides - September 1989. 

• Optimize characterization methodology to correlate polymer molecular weight 
and distribution with processability and mechanical properties - September 
1989. 


30 



RTR 506-43-21-05 Space Durable Polymers 


Objective: 

Develop space durable adhesives, coatings and films. 

Approach: 

Synthesize and characterize new polymers containing chemical units that 
impart radiation stability and low color. Adhesive, film and coating samples of 
the most promising material will be exposed to simulated space environment 
and their stability monitored through spectroscopic techniques and retention of 
mechanical properties. 

Milestones: 

• Initiate new grant to develop synthesis of unique monomers for use in the 
preparation of space durable polymers - December 1 988. 

• Correlate the effect of chemical structure and crosslink density of thermosets 
on coefficient of thermal expansion - February 1 989. 

• Determine the effect of various degrees and types of crystallinity in a polymer 
on coefficient of thermal expansion and radiation stability - September 1989. 

• Expose promising polymers to simulated space environment and monitor 
stability by spectroscopic means and mechanical property retention - 
September 1989. 

Mechanics of Materials Branch 

Research in the Mechanics of Materials Branch will focus on mechanics of 
damage in laminates and 3-D forms, micromechanics, characterization of the 
thermomechanical behavior of metal-matrix composites, damage tolerance of light 
alloys, and computational fracture mechanics. Trends for this research are outlined in 
figure 39. The research will be carried out under the following two RTR's. 

RTR 505-63-01-05 Mechanics of Materials Research in Laminated 

Composites and Metals 


Objectives: 

Develop the methodology to predict the initiation and growth of critical levels of 
damage in laminated composites under general mechanical loading conditions. 
Develop the experimental data base and methodologies to predict the initiation 
and growth of cracks in metals under constant amplitude and spectrum loading 
for expected operational conditions. Develop experimental and numerical 
solutions to fatigue and fracture problems in support of current NASA missions. 
Predict the fatigue and fracture behavior of composites from the fiber, resin, and 
interface constituent behavior by the application of micromechanics models. 
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Develop a fundamental understanding of the initiation and growth of 
microstructural damage in candidate 3-D material forms including stitching, 
braiding, weaving, and filament winding. 

Approach: 

• The evolution of damage under general loading conditions will be 
experimentally observed and documented. These experimental results will 
be interpreted through appropriate analyses based on mechanics principles. 
The correlation of the experimental and analytical results will give rise to the 
development of analytical methods and failure criteria necessary to predict 
the strength and life of composite structures. Failure methodology will be 
verified by predicting the behavior of tapered laminates subjected to 
combined loads typical of those experienced in composite rotor hub flexure. 

• Experimentally evaluate the fatigue and fracture performance of promising 
new alloys relative to established alloys and evaluate the adequacy of current 
methods to predict the life of new alloys under expected spectrum loading 
and temperature conditions. Broaden the applicability of current life- 
prediction methods by developing methods to describe mixed-mode crack- 
growth behavior and by developing a three-dimensional model of closure 
incorporating both plasticity- and roughness-induced closure behavior. 
Develop an experimental data base on the growth of small cracks to explore 
the potential of crack-growth life analyses to replace traditional "initiation" 
analyses. Establish correlations between observed performance and 
metallurgical features which might be used to guide development of alloys 
with improved performance. 

• Generate stress-intensity factor solutions for common crack configurations 
using existing numerical methods (Boundary-Force, Finite-Element- 
Alternating methods) for NASA FLAGRO and for aerospace industry. 
Evaluate crack-closure model options planned for NASA FLAGRO and 
compare with current options planned to be used by the European Space 
Agency. Conduct fracture tests on various surface-and corner-crack 
configurations to simulate expected crack configurations in Shuttle solid- 
rocket motor case (D6AC steel) clevis-tang joint region under expected 
operating conditions and compare with current NDI capabilities. Develop 
elastic and elastic-plastic solutions for surface cracks in welded 2219 
aluminum Shuttle external tank structure to verify newly-developed elastic- 
plastic methodology for predicting stable crack growth during proof and 
operating conditions. 

• Conduct tests to identify microdamage onset and growth and to determine 
inelastic constitutive relationships that account for multiaxial stress states and 
microdamage. Then, use the constitutive relationships in composite stress 
analyses to compute stresses, strains, and fracture mechanics parameters 
corresponding to observed composite failures. Establish constituent failure 
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criteria by comparing the observed microfailures with computed stress 
analysis results. Finally, develop models to relate composite failures to the 
corresponding fiber, matrix, and interface constituent failures. 

• Conduct critical experiments to identify damage mechanisms and damage 
growth in advanced 3-D material forms under tension and compression 
fatigue loadings. Also, experimentally investigate the post impact damage 
tolerance of candidate material forms. By comparing the experimental results 
to those for baseline materials and together with analytical results from 
mechanics models of the local fiber behavior, identify the most promising new 
materials forms on the basis of stiffness, damage tolerance, and fatigue life. 

Milestones: 

• Elastic-plastic finite-element analyses of surface cracks in welded aluminum 
structure - Shuttle external tank - January 1 989. 

• Determine how stitching affects the fatigue life of graphite/epoxy - January 
1989. 

• Fracture toughness and critical flaw sizes for D6AC solid-rocket motor cases - 
February 1 989. 

• Determine modes of damage in braided graphite/epoxy produced by foreign 
object impacts - February 1989. 

• AGARD Report on Supplemental Test Program for Short-Crack Behavior - 
May 1989. 

• NASA/Chinese Aeronautical Establishment Report on Fatigue and Fracture 
Cooperative Program - June 1 989. 

• Develop and verify analysis for predicting the onset of 2-D damage in 
laminates caused by impact-like contact stresses. 

• Complete analysis of ply microdamage that accompanies mode I and mode II 
delamination - September 1989. 

RTR 506-43-71-03 Mechanics of Damage in Metai Matrix Composites 

Objectives: 

Develop the methodology necessary to predict the fatigue, fracture, and 

mechanical behavior of MMC's required to insure structural integrity at elevated 

temperatures in support of supersonic and hypersonic vehicles. 
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Approach: 

The mechanical behavior of MMC's and the development of damage 
mechanisms under thermal and mechanical loadings will be experimentally 
observed and documented. Material models and mechanics analyses will be 
developed to explain the observed material behavior. These analyses will 
include the effects of plasticity, viscoelasticity, and thermal stresses. The 
correlation of the experimental and analytical results will give rise to the 
development of analytical methods and failure criteria necessary to predict the 
strength and life of laminated composite structures. 

Milestones: 

• Complete a preliminary test program to identify the failure mechanisms under 
thermal mechanical fatigue loading of Ti based MMC - June 1989. 

• Complete the next generation PAFAC program to include thermal and elastic- 
plastic behavior - September 1989. 

Applied Materials Branch 

Research emphasis in the Applied Materials Branch for FY 89 will be in the 
areas of space materials, carbon-carbon composites, and composite materials for 
aircraft and rotorcraft structures. Plans for this research are outlined in figure 40 and 
will be carried out under the following five RTR's. 

RTR 505-63-01-06 Composites for Rotorcraft/Aircraft Structures 

Objectives: 

To develop the technology for the application of advanced composite materials 
and innovative design concepts in rotorcraft and aircraft structures in order to 
improve performance, efficiency, damage tolerance, environmental durability, 
and energy absorption capability compared to metal structures. 

Approach: 

In-house, contractual, and grant studies will be conducted to develop innovative 
material forms and processing science concepts for lightweight composite 
. structure applications. Composite materials that incorporate toughened resins 
and high strength/strain fibers will be evaluated for improved damage 
tolerance. New net-shaped material forms that are fabricated with automated 
textile processes such as 2-D and 3-D weaving, braiding, stitching, and knitting 
will also be evaluated. Improvements in through-the-thickness properties and 
damage tolerance will be evaluated. Process models for resin transfer molding 
of textile materials will be developed. Composite structural elements that are 
fabricated with cost-effective filament winding and resin transfer molding 
processes will be evaluated. Long-term durability of composites in-service and 
repaired composite components will be established. Analytical methods to 
predict the energy absorption capability of composite beam elements will be 
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developed. 

Milestones: 

• Complete evaluation of stitching parameters in through-the-thickness 
reinforcement with resin transfer molding - December 1988. 

• Conduct residual strength tests on repaired graphite/epoxy components after 
5 years of outdoor exposure at NASA Langley - December 1988. 

• Complete 10 years of flight service of Sikorsky S-76 composite components - 
March 1989. 

• Complete 15-year and final residual strength tests on B-737 graphite/epoxy 
spoilers - June 1989. 

• Demonstrate dielectric monitor of autoclave impregnation and cure in CMDS 
tool and autoclave - June 1989. 

• Perform ballistic impact evaluation of stitched composite panels - September 
1989. 

• Complete development of analysis capability to predict the crushing response 
of composite tube and beam webs - September 1989. 

• Evaluate the mechanical properties of through-the-thickness braided 
graphite/epoxy composites - September 1989. 

• Verify RTM process model with experiments and use sensor data to optimize 
RTM process conditions - September 1989. 

RTR 506-43-21-04 - Composite Materials for Spacecraft Applications 

Objectives: 

Develop new composite materials and protective/thermal control coatings for 
enhanced environmental and thermal-mechanical durability in long-life space 
structures. 

Approach: 

Advanced polymeric-, metallic-, and ceramic-matrix, fiber-reinforced composites 
will be developed and evaluated for long-term use in spacecraft structures. 
Evaluation will include thermal cycling, and atomic oxygen, electron, proton, 
and UV exposure. Advanced laser interferometry will be used to determine 
dimensional stability. Thin metallic and oxide protective coatings will be 
evaluated on flat and tubular surfaces. The optical, chemical, and mechanical 
property degradation will be characterized and analytically modeled. Shuttle 
experiments will be used to verify models and laboratory simulations. 
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Milestones: 

• Complete mechanical characterization of composite tubes after 15K thermal 
cycles - September 1 989. 

• Complete development of micromechanics analysis of thermally induced 
damage in resin-matrix composites - September 1989. 

• Measure thermal expansion of Gr/Ep tubes after 10 to 20K thermal cycles - 
September 1989. 

• Determine effects of Gr fiber modulus on microdamage/thermal expansion 
during thermal cycling - September 1989. 

• Examine the effects of electron radiation on 930/P75 composites cured at 
various temperatures - September 1 989. 

• Develop combined thermal cycling and electron radiation exposure capability 
- September 1989. 

RTR 506-43-71-02 Carbon-Carbon Composites 


Objectives: 

To develop high strength, minimum gauge, oxidation-protected carbon-carbon 
materials for hot structure and TPS applications in advanced space 
transportation vehicles and hypersonic aircraft. 

Approach: 

Advanced processing methods, alternate matrix precursor materials, fiber 
surface modifications, and alternate reinforcement concepts will be 
developed to improve substrate mechanical properties. Matrix and fiber 
oxidation inhibitors, sealants, and advanced coatings will be developed to 
improve oxidation resistance. Environmental testing will be performed in 
simulated mission dynamic environments and in multiparameter 
(temperature, pressure, load) facilities. 

Milestones: 

• Angle-interlock reinforcement concepts evaluated for thin gauge carbon- 
carbon composites - June 1989. 

• Potential assessed for surface treatment of high-modulus fibers to increase 
interlaminar strengths - June 1989. 

• Potential assessed for small-diameter tow to increase interlaminar 
strengths/reduce per-ply thickness of 2-D laminates - September 1989. 
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RTR 585-02-21-01 Advanced Materials for PSR 


Objectives: 

Develop advanced composite materials and coatings that are durable and have 
stable thermal and mechanical properties in the space service environment of 
precision segmented reflector spacecraft. 

Approach: 

New, novel low expansion polymer resins will be developed and used to 
fabricate composites. Alternate composite fabrication methods that result in 
lower residual stresses will be investigated. As a long range goal, low 
temperature fabrication methods will be developed for advanced, highly stable 
graphite/glass laminates. Material constitutive equations and analytical models 
will be developed to correlate/predict environmental effects on thermal and 
mechanical properties of the advanced composites. These models will aid in 
directing the materials development activities. The surface distortion of 
composite laminates/panels will be measured and modeled. 

Milestones: 

• Fabricate composites with low-expansion resin - September 1989. 

RTR 763-01-41-17 Oxidation-Resistant C-C Composites for NASP 

Objectives: 

To develop oxidatively protected carbon-carbon material concepts to meet 
airframe requirements in support of Aero-Space Plane. 

Approach: 

Evaluate in simulated NASP mission environments various promising oxidation- 
protection systems which were developed for propulsion applications. Build on 
these results, tailoring a new oxidation-protection system (in-depth oxidation 
protection, sealants, coatings) to meet specific NASP mission requirements. 

Milestones: 

• Complete multiparameter environmental simulation evaluations of state-of-the 
art candidate test materials - December 1988. 

• Initiate development of improved oxidation-protection system - December 
1988. 

• Complete dynamic environment (arc jet) testing of state-of-the-art candidate 
test materials - March 1989. 

• Field-applied sealant feasibility demonstrated - June 1989. 
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Metallic Materials Branch 


Research in the Metallic Materials Branch for FY 89 will focus on advanced 
light alloy and metal-matrix composites development, innovative metals processing, 
and high temperature, thin gage metals and metal-matrix composites for airframe 
applications. Plans for this research are outlined in figure 41 and will be carried out 
under the following five RTR’s. 

RTR 505-63-01*02 Advanced Structural Metallics for Service to 1000°F 

Objectives: 

To develop a fundamental understanding of the metallurgical 
structure/mechanical property interactions resulting from powder processing, 
consolidation, and subsequent thermomechanical processing of intermediate 
and high temperature aluminum alloys prepared by advanced ingot and 
powder metallurgy techniques. 

Approach: 

Prepare new aluminum alloy compositions of laboratory quantities by advanced 
I/M and P/M techniques. Develop and evaluate promising in-situ composite 
materials systems with light alloy metallic matrices and correlate 
microstructural/mechanical property relationships. Identify metallurgical 
characteristics controlling specific properties through laboratory analysis and 
development of optimized processing techniques to obtain tailored properties. 

Milestones: 

• Produce PM aluminum alloy powders for high temperature applications using 
the LaRC gas atomization facility - October 1 988. 

• Complete initial characterization of AI-Cu-Li-ln-Zr alloy designed to achieve 
high strength through heat treatment without the need for intermediate 
mechanical processing - December 1 988. 

• Complete results of developed PM Al-Cu-Mg-Zr alloy in unreinforced and 
particulate reinforced product form - January 1 989. 

• Develop environmental degradation laboratory capabilities to support 
electrochemical, slow strain rate, and controlled temperature-humidity testing 
of advanced metallic systems - March 1 989. 

• Determine role of hydrogen embrittlement, anodic dissolution and surface 
films on corrosion fatigue of Al-Li-Cu alloy 2090 in aqueous environments - 
March 1989. 

• Determine mechanisms controlling corrosion fatigue and stress corrosion 
cracking of advanced PM and IM aluminum alloys - June 1989. 
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• Develop supporting information for preparation of new standards for stress 
corrosion evaluation using both the breaking load test method and 
precracked specimen techniques and for revision of existing C-ring standard 
test methodology - June 1 989. 

• Determine metallurgical characteristics and material properties of powder 
with Mn, Ca, and Si additions for high temperature applications - July 1989. 

• Define the mechanisms of dispersion strengthening and fracture in in-situ 
reinforced Al-Cu-Mg alloys - July 1 989. 

RTR 505-63-01-03 Innovative Metals Processing 


Objectives: 

Develop improved aluminum alloys and innovative processing methods for 
fabricating lightweight aerospace structural components. Develop advanced 
forming and joining techniques for lightweight Al-Li and high temperature 
aluminum alloys and evacuated titanium honeycomb-core sandwich concepts. 

Approach: 

Combined in-house, contractual, and university efforts to define the potential of 
advanced aluminum alloys for aerospace structural applications. Demonstrate 
weldability, enhanced post-SPF properties and evaluate the cryogenic 
behavior of superplastic Al-Li alloys of modified compositions. Assess the 
potential of high temperature aluminum alloys and develop improved brazing 
and joining processes for fabricating evacuated titanium honeycomb-core 
sandwich structure. Characterize material properties and design, fabricate, and 
test structural elements. 

Milestones: 

• Complete initial characterization of the mechanical properties of Weldalite® 
with and without discontinuous reinforcement - December 1988. 

• Determine the superplastic formability of high temperature Al-Fe-V-Si alloys 
at various dispersoid volume fractions - January 1 989. 

• Complete materials characterization and joining studies on high temperature 
Al-Fe-V-Si alloy before and after superplastic forming - February 1 989. 

• Cryogenic property characterization of SPF AI-Li-Cu-Zr-ln alloy - July 1989. 

• Fabricate advanced aluminum alloy curved cap, beaded web panels - August 
1989. 

• Demonstrate vacuum integrity of 15-3 Ti honeycomb core sandwich - 
September 1989. 
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RTR 505-80-31-02 Advanced Metal Matrix Composites for NASP 

Objectives: 

Develop specific, high temperature metal matrix composites and associated 
fabrication technology for aero-space plane applications. 

Approach: 

Establish surface treatments and/or coating systems for selected fibers for 
optimum fiber/matrix stability. Fabricate and test minimum gage composite 
panels to establish performance limits. Develop techniques for structural 
component fabrication. Define scale-up requirements for large panel 
manufacture. 

Milestones: 

• Cross-ply composite laminates fabricated - December 1 988. 

• Service limits defined - June 1989. 

RTR 506-43-71-01 High Temperature Thin Gage Metailics 

Objectives: 

Develop new high temperature metailics, processing and joining techniques, 
and coatings for environmental protection for use at temperatures from 500°F to 
2000°F including in-situ and continuously reinforced advanced metal-matrix 
composites and light alloy metailics. 

Approach: 

Combined in-house and contract research studies to develop and characterize 
advanced metallic systems produced by deposition techniques, rapid 
solidification rate technology and conventional high temperature processing. 
Establish suitable joining processes for very thin gage, lightly loaded structure. 
Demonstrate technology readiness through design, fabrication, testing and 
evaluation of structural sub-components. 

Milestones: 

• Determine high temperature properties of foil gage, ingot metallurgy titanium 
aluminide materials - December 1988. 

• Demonstrate low catalysis, high emittance coating concepts for titanium 
aluminide composites - December 1988. 

• Complete preliminary evaluation of the potential for designing nonequilibrium 
phases to improve high temperature properties and stability of RSR 
intermetallics - January 1989. 
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• Evaluate very thin gage metallic substrates produced by deposition 
techniques - June 1989. 

RTR 763-01-41-11 Advanced Processing of TixAL Composites for NASP 

Objectives: 

Develop advanced joining processes for fabricating Ti x AI metal-matrix 
composite, RSR titanium honeycomb core sandwich structure and develop an 
analytical model for predicting composite properties. 

Approach: 

Conduct in-house studies using available titanium based ingot metallurgy (IM) 
model materials to develop joining processes suitable for fabricating TixAI 
composite sandwich structure. Screen candidate processes including brazing 
and enhanced diffusion bonding (EDB) based on both metallurgical studies 
and mechanical property tests. Evaluate alternate EDB material compositions 
to improve elevated temperature properties of IM Ti 3 AI-Ti 3 AI joints. Develop an 
analytical model for predicting fatigue behavior and verify experimentally. 
Fabricate, test and evaluate small sandwich specimens and structural sub- 
elements using T 13 AI composites as they become available. 

Milestones: 

• Develop alternate EDB compositions for improved elevated temperature 
properties of EDB joints - September 1988. 

• Fabricate IM Ti 3 AI - Ti-15-3 sandwich panels for elevated temperature testing 
- October 1988. 

• Include time and temperature effects in micromechanics model of continuous 
fiber reinforced MMC - January 1989. 

• Conduct edge compression tests of Enhanced Diffusion Bonded Ti 3 AI - H/C 
panels at room and elevated temperature - January 1 989. 

• Demonstrate the use of the melt overflow process for casting RSR titanium foil 
by producing four inch wide strip - March 1989. 

• Room/elevated temperature properties of EDB honeycomb core coupons 
using Ti3AI/SCS6 MMC face sheet - June 1989. 

• Modify existing failure analysis models to include thermal residual stresses in 
MMC- June 1989. 
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Concluding Remarks 


This document presents the FY 88 accomplishments, presentations and 
publications, and the FY 89 research plans of the Materials Division. 
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High temp, thin material concepts 
gage metallics 
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Figure 4(a). 
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Figure 4(b). 
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Figure 7(a). 
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SYNTHESIS OF LaRC-RP40 
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Semi-IPN LaRC-RP40 

• Easy to process 
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NEW TOUGHENED THERMOSETTING STRUCTURAL RESINS 
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Figure 8(a). 
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SEMI-CRYSTALLINE POLYIMIDE SULFONE 
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Figure 9(a). 
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LARC-RP 41 : A NEW TOUGH HIGH TEMPERATURE MATRIX RESIN 
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Figure 10(a). 
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CONCEPT AND DEMONSTRATION OF A NEW SYNTHETIC ROUTE TO A FAMILY OF NON-CLASSICAL 

ADDITION-TYPE THERMOPLASTIC (ATT) POLYIMIDES 
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Future Plans : A model compound study has been initiated to further clarify the reaction mechanism. In addition, a series of new high 
performance ATT polymers are being synthesized and their neat resin, composite and adhesive properties are being evaluated. 
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IN SITU OPTIC SENSOR FOR FTIR MONITORING OF COMPOSITE CURE CYCLES 
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FIBER OPTIC FTIR SENSOR 
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WAVELENGTH 


FIBER OPTIC COMPOSITE CURE MONITORING 
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Figure 12(c). 




MECHANICS OF MATERIALS BRANCH 
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Computational Mechanics 











MECHANICS OF MATERIALS NR ARCH 
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Figure 14. 






















































STATIC STRENGTH OF SCS6/TI-15-3 
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titanium-aluminide matrix composites that are currently in procurement. 



Figure 15(b). 



SIGNIFICANCE OF THE SMALL-CRACK EFFECT FOR FATIGUE DESIGN 
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CALCULATED CRACK GROWTH LIVES USING 
SMALL-CRACK AND LARGE-CRACK DATA BASES 

2024-T3, FALSTAFF Spectrum, S max = 205 MPa 
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Fatigue life, N, cycles 
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Future Plans : None 


EFFECTS OF MOISTURE, TEMPERATURE, AND FATIGUE 
ON THE STRENGTH OF CENTER CRACKED GRAPHITE/EPOXY PANELS WITH BUFFER STRIPS 
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EFFECT OF DELAMINATION RATE ON INTERLAMINAR FRACTURE TOUGHNESS 
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Figure 18 (a). 



a: 

< 





s i 

< CD 
CC Z> 


lZ UJ 

< § 
— h- 
2 O 
< < 
_J oc 
LU U_ 
Q 


h 

O 

LU 

u_ 

U_ 


UJ 



Kapton insert 


(J/m 2 ) 



73 


Figure 18(b). 




IMPACT DAMAGE IN A THICK GRAPHITE/EPOXY LAMINATE CAUSED BY SPHERICAL IMPACTERS 
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SIMULATED IMPACT 
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Figure 19(b). 



EDICTED/MEASURED DAMAGE CONTOURS 
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CONSTANT PRESSURE (742 MPa) 


Radius - 0.64 cm Radius - 1.27 cm Radius » 2.54 cm 



Half-length of cracks, mm 

Figure 19(c). 
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Figure 20(a). 



FATIGUE LIFE PREDICTION BASED 
ON LOCAL DELAMINATION 
ACCUMULATION THROUGH THE THICKNESS 

f±45/0/901. X751/50 E-alass Edoxv 
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Figure 20(b). 


MODE I DELAMINATION FATIGUE THRESHOLD FOR GRAPHITE/PEEK 
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result could lead to a simple mixed-mode, no-growth criterion based on total G, thus eliminating the need to calculate the individual 
mode I and II components. 



Mode I Delamination Fatigue Threshold for Graphite/PEEK 

(Displacement Control, R=0.1 f=5Hz) 
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Fatigue Cycles 



FAILURE MODES FOR LAMINATES UNDER BEARING-BYPASS LOADING 
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:: At present, there are no plans for further bearing-bypass testing. 
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OFFSET COMPRESSION FAILURE IN BEARING-BYPASS TEST 
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Figure 22(c) 
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APPLIED MATERIALS BRANCH 
FIVE YEAR PLAN 
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ANALYSIS OF ADVANCED COMPOSITE MATERIALS FOR 
PRECISION SEGMENTED REFLECTORS 
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Figure 25 (a). 



MODELING OF THERMALLY INDUCED 
SURFACE DEFORMATIONS IN COMPOSITE LAMINA 

Epoxy Matrix Systems, Vf = 0 . 60 , AT = — 450 °F 
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Undeformed Gr/Ep Gr/Low CTE Ep Quartz/Ep 




MODELING OF THERMALLY INDUCED 
SURFACE DEFORMATIONS IN COMPOSITE LAMINA 
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Undeformed Gr/Ep Gr/Gloas Gr/Mod. Glass 

AT=— 450°F AT=— 1 140°F AT=-960°F 





THERMAL CYCLING INDUCED DAMAGE IN COMPOSITE TUBES 
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Figure 26(b) 


FE ANALYSIS OF INTERLAMINAR STRESSES IN A 
P75/934 CAI/A4/+ 15/0/±1 0/0/- 15] s COMPOSITE TUBE 
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Distance from edge, in. 



OXIDATION-RESISTANT CARBON-CARBON COMPOSITES EVALUATION IN 
SIMULATED ADVANCED AEROSPACE VEHICLE ENVIRONMENTS 
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airframes. 



PERFORMANCE RESULTS FOR ROHR SAMPLE MATERIALS 

Tested Materials: Rohr Inhibited Substrates with SFL MOD IV Coating 
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Cumulative exposure time, min. 




DAMAGE-TOLERANT COMPOSITE MATERIAL CONCEPTS 
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Figure 28(b). 
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Figure 28(c). 



COMPOSITE MATERIAL IN-SITU VISCOSITY MONITOR 
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gure 29(a). 



SIMULTANEOUS SENSOR AND RHEOMETER MEASUREMENT 
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Figure 29(b). 




SENSOR LOCATION IN 192 PLY LAMINATE 
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Figure 29(c). 




IN— SITU DIELECTRIC VISCOSITY MEASUREMENT 
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Figure 29(d). 



15 YEAR FLIGHT SERVICE SUMMARY OF B-737 GRAPHITE/EPOXY SPOILERS 
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RESIDUAL STRENGTH OF B-737 GRAPHITE/EPOXY 

SPOILERS 
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Figure 30(b). 












Figure 31. 



METALLIC MATERIALS BRANCH 
FIVE YEAR PLAN 
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Figure 32. 









REINFORCED, WELDABLE, ALUMINUM-LITHIUM ALLOYS DEMONSTRATED 
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liquid nitrogen temperatures to 600°F. Define welding practice for XDTM reinforced aluminum-lithium alloys. 



ROOM TEMPERATURE TENSILE PROPERTIES OF 
WELDABLE ALUMINUM-LITHIUM ALLOYS 
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Un reinforced XD™Reinforced 
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Future Plans : Evaluate application of the breaking load test method to alternate specimen configurations for short transverse testing 
of thinner product forms. Determine stress corrosion performance of emerging aluminum-lithium alloys. 



© 
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Figure 34(b). 


THRESHOLD STRESSES FOR PM AND IM ALLOYS 
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- Longitudinal Orientation T - Transverse Orientation S - Short Transverse Orientation 






CHARACTERIZATION OF SUPERPLASTICALLY FORMED ALUMINUM 
FOR STRUCTURAL APPLICATIONS 
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Figure 35(a). 
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Figure 36(a). 


TOUGHNESS OF LABORATORY AND PILOT 
PROCESSED P/M ALUMINUM ALLOY SHEET 
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the figures. Also, investigate the cryogenic behavior of Fe-12Ni steel for application in model systems for the National Transonic 
Facility. 



FATIGUE BEHAVIOR OF 18 Ni 200 GRADE MARAGING STEEL 
Microstructural effects at room temperature 
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Cycles to failure 


POLYMERIC MATERIALS BRANCH 
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MECHANICS OF MATERIALS 
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Figure 39. 


APPLIED MATERIALS BRANCH 
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- Stitched/braided/knitted material forms 

Modeling and semi-automatic process control of resin transfer molding 



METALLIC MATERIALS BRANCH 
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Figure 41. 
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